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.2012.09.Abstract In this work a series of pentaerythritol esters have been synthesized. Dean Stark appa-
ratus has been used to measure the water separated periodically as one of the resultants giving
an indication about reaction progress. Elementary analyses, mean average molecular weight, i.r.,
viscosity, density and pour point have been determined for the prepared esters.
Some physico-chemical behaviors and correlations have been deduced to characterize the pre-
pared esters. Moreover, they shed the light on their suitability as base oils which may be used in
formulations according to French Air speciﬁcation 3514 (Nato 0–150) as compared with the com-
mercial oil sample (Trubonycoil 13B) used in this respect.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Synthetic lubricants are used for applications where a lubricant
must perform under conditions that go beyond the capabilities
of mineral oil lubricants. Gas turbine engines are working un-
der these conditions which mostly are considered to be severe.
The synthetic turbo oils are formulated to obtain the fol-
lowing characteristics [1–5];. El-Magly).
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008 High thermal stability at elevated temperatures.
 High resistance to oxidation.
 Low deposit formation tendencies.
 High viscosity index (minimum change in viscosity with
wide changes in temperature).
 Low volatility (minimizes lubricant evaporation losses at
high temperatures and low pressures).
 High ﬂash point.
 High load carrying capability (to minimize wear).
 High resistance to foaming.
Use of some synthesized organic esters veriﬁes these
characteristics.
An ester is the product created by the chemical reaction of
an organic acid with an alkanol. This can be simply shown as
follows:
organic acidþ alkanol!heat esterþ water
hosting by Elsevier B.V.Open access under CC BY-NC-ND license.
Figure 1 Conversion (wt. of H2O collected) versus esteriﬁcation
time for pentaerythritol esters [Temp. 170 C, molar ratio (alcohol
to acid) 1:4.9, catalyst conc. 2% (by wt) of polyol and agitation
550 r.p.m.].
Table 1 Experimental data for the preparation of pentae-
rythritol esters.
Time in hours Pentaerythritol esters
Tetrabutyrate Tetraheptanoate Tetranonanoate
% Conversion % Conversion % Conversion
1.0 49.4 47.5 46.4
2.0 77.2 73.1 72.3
3.0 89.2 86.3 85.2
4.0 94.3 90.9 89.1
5.0 98.8 95.0 94.2
6.0 – 98.2 97.1
170 I.A. El-Magly et al.The components used in turbo-oils aremore complex. The es-
ters of polyols are considered to be the most familiar [1,6–15].
Some of polyol esters and or the mixed are the bases which are
used generallywith special additives in blending the synthetic tur-
bo-oils for light weight gas turbo-engines of air crafts [1,2,5].
This is due to their properties to achieve the desired charac-
teristics for long service and high performance according to
international speciﬁcations.
1.1. Types of lubricants
The lubricants used in aircraft gas turbines are designated [1]
either:
- By their viscosity at 98.9C (210 F), which are 3, 5 and
7.5 Cst.
- Or by their military or civil speciﬁcations as shown in
Table 5.
These synthetic lubricants may be broadly classiﬁed, on the
pattern suggested by Dukek [16], as follows;
1.1.1. Type I-oils
Type I-oils are generally based on dibasic esters fortiﬁed with
viscosity index improvers and antioxidants. Formulations of
such oils are being constantly improved to obtain oils of better
thermal and oxidation stability. This type is generally consid-
ered to be satisfactory for applications where the bulk oil tem-
perature is less than 200C. They can be used in turbo-prop
aircraft if they are blended or thickened with complex esters
(or polymers) tomeet the required viscosity of 7.5 CSt at 98.9C.
1.1.2. Type II-oils
This type is generally based on ‘‘hindered’’ polyol esters. These
oils also contain antioxidants and anticorrosion agents. They
can operate satisfactorily in bulk oil temperature range of
200–260C and with speed regime Mach 1 to Mach 2 aircrafts.
1.1.3. Type III-oils
Type III oils represents the ultimate possibilities in practical
synthetic oils that can be currently visualized. One type of such
oils is polyphenyl-ether [1–3,8,17], which might yield stable
base stoke with better viscosity characteristics and high ther-
mal degradation (400C) with good oxidation resistance.
The silahydrocarbons are competitive in these properties
[18,19]. Type III may be used in aircrafts operating in the speed
regimes of Mach 3 or above. They can operate at temperatures
exceeding 260C.
2. Experimental
2.1. Raw materials
Pentaerythritol, n-buteric, n-heptanoic, and n-nonanoic car-
boxylic acids, (Mx2), catalyst and xylene, all are of reagent
grades and used as received.
2.1.1. Preparation of polyol esters
In this work several polyol esters have been prepared by the
esteriﬁcation of pentaerythritol [PE] with saturated monocar-boxylic acids having carbon atom number C4, C7 and C9. In
a previous work [6,7] the conditions have been chosen to be
as follows;
- Temperature: 170 ± 0.1C.
- Molar ratio (alcohol:acid): 1:4.9
- Catalyst concentration: 2% wt (based on alcohol).
- Agitation rate: 550 r.p.m.
- Azeotropic agent: xylene.
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a thermometer, an efﬁcient cooling condenser and a graduated
trap. Polyol and n-carboxylic acid were charged. Xylene was
added as an azeotropic agent and the reaction was catalyzed
with Mx2 (a metal halide of sub-group II A) calculated on
the weight percent of polyol. By the stirrer, the reaction was
agitated and by circulating liquid from a thermally controlled
thermostat, heating was conducted. The reaction mixture was
maintained at nearly ﬁxed temperature (170 ± 0.1C). In the
trap, the amounts of water collected were measured periodi-
cally. The reaction heating was stopped when no further water
was formed. The upper organic layer was washed with an
aqueous solution of sodium carbonate (10% by weight) fol-
lowed by washing several times with distilled water. The ester
layer was dried over anhydrous calcium chloride. The rotary
evaporator was used under vacuum to get rid of xylene.
2.1.2. Physico-chemical characteristics of the prepared esters
The physico-chemical characteristics of the prepared esters
were determined using the most recent standard methods of
analysis as follows:Table 2 Mean average molecular weight determination and element
Ester description Pantaerythritol-
Tetrabutyrate T
Cal Ex C
Mean molecular weight 416.51 404.49 5
C wt% 60.56 61.20
H wt% 8.71 9.07
O wt% 30.73 29.73
Cal = Calculated.
Ex = Experimental.
Table 3 Infra-red absorption spectral bands (cm1) n-acids, pent
(turbonycoil 13B).
Ester assignment n-Acid Polyol Pa
Butyric Hepatnoic Nonanoic Bu
1. C–H Str. Vib.
(a) CH3
(i) Vas 2960 2965 – 2950 298
(ii) Va 2885 2895 2890 sh – 292
(b) CH2
(i) Vas 2925 2925 2915 2900 293
(ii) Va 2850 2850 2860 2850 289
2. C–H Ben. Vib.
(a) CH3
(i) rs 1380 1395 – – 139
(b) CH2
(i) rs 1430 1445 – 1460 147
(ii) q rocking 745 725 715 725 755
(iii) Twisting – – – – 136
(iv) Wagging – – – – 118
3. C‚O Str. Vib. 1710 1700 1705 – 175
4. C–O Str. Vib. (Vas) 1285 1285 1280 – 126
5. C–C Str. Vib. – – – – 110
6. O–H Str. Vib. – – – 3320 –
Sh = shoulder.Elementary analysis
Carbon (% by wt.) Dumas method
Hydrogen (% by wt.)
Oxygen (% by wt.) By diﬀerence
Kinematic viscosity (Cst)
At 98.9 C
37.8 C
20.0 C
The test was carried out according to A.S.T.M. D-445
A.S.T.M slope: the A.S.T.M. slope was determined according to
A.S.T.M. D-341
Pour point (C): according to A.S.T.M. D-97
Flash point (C): according to A.S.T.M. D-92
Fire point (C): according to A.S.T.M. D-92
Total acidity: as mg KOH/g sample, it was determined according to
A.S.T.M. D-664
Viscosity index (VI): according to A.S.T.M D-2270-75
A.S.T.M. D-567
Refractive index (g150 ): by Abb’s refractometer at 24C
Density: according to IP 190/79
At 20.0 C
37.8 Cary analysis for the prepared esters.
etraheptanoate
al Ex
84.83 575.20
67.77 68.57
10.34 10.46
21.89 20.97
aerythritol prepared esters and com
ntaerythritoltetra- C
tyrate Heptanoate Nonanoate
0 2965 2960 2
5 2880 2885 –
0 2930 2930 2
0 2865 2855 2
5 1390 1385 1
5 1470 1465 1
730 725 7
5 1360 1355 –
0 1165 1155 1
0 1750 1745 1
0 1240 1240 1
0 1105 1110 1
– – –Tetranonan
Cal
697.01
70.65
10.99
18.36
mercial tu
ommercial
970
930
860
380
465
25
155
745
245
105oate
Ex
685.50
71.00
11.12
17.88
rbo-engine oil
turbonycoil 13B
172 I.A. El-Magly et al.2.2. Molecular weightThe mean average molecular weight has been determined
according to the method mentioned by Van Nes–Van Westen
[20].
2.3. Infra-red spectral analysis
The prepared esters, polyol and the liquid acids were analysed
by Perkin-Elmer infra-red spectrophotometer Model-782. The
commercial turbo-engine lubricating oil (TUBONYCOIL
13B) was analysed by the Model-598. The liquid samples were
analysed as thin ﬁlm between two KBr discs.Figure 3 I.R. spectrum
Figure 2 I.R. spectrum3. Results and discussion
3.1. Preparation of pentaerythritol esters
Monocarboxylic acids having carbon atom number C4, C7
and C9 have been used to prepare their corresponding esters
with pentaerythritol. The use of Dean–Stark apparatus and
azeotropic agent, facilitates the continuous removal of water
as one of the resultants and assures the irreversibility of the
esteriﬁcation reaction. The quantities of collected water peri-
odically give indication about the reaction progress and con-
version. The use of heating (170C), molar ratio (1:4.9
alcohol:acid), catalyst (2% wt. per polyol) and agitation rateof pentaerythritol.
of n-Nonanoic acid.
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for the prepared series as shown in Table 1 and illustrated by
Fig. 1.
The conditions followed here have been chosen from previ-
ous work by the authors [6,7].
3.2. Physico-chemical characteristics of the prepared esters
3.2.1. Elementary analysis and mean average molecular weight
determination
Inspection of data given in Table 2 for mean average molecular
weight determination and elementary analysis for the prepared
compounds indicate that the experimental values are close to
those which are calculated for esters.Figure 5 I.R. spectrum o
Figure 4 I.R. spectrum of pe3.2.2. I.R. spectral analysis
The n-monocarboxylic acids, pentaerythritol, prepared esters
and commercial turbo-engine sample (turbonycoil 13B) were
analysed and compared by I.R. technique. In Table 3, the
absorption bands are recorded and represented by the spectral
data Figs. 2–5. Study of the spectra of the mentioned com-
pounds, indicates the following:
The C–H stretching vibration for the CH3 and CH2 groups
represented by the two bands [2960 ± 10 cm1], and
[2915 ± 5 cm1], and the two bands [2902.5 ± 22.5 cm1]
and [2870 ± 20 cm1] corresponds to asymmetric and sym-
metric vibrations respectively.
The C–H bending vibrations represented by the band
appearing at [1387.5 ± 7.5 cm1] characterize the symmetricf commercial turbo-oil.
ntaerythritol tetrabutyrate.
Table 4 Physico-chemical characteristics of prepared esters in comparison with commercial turbo-engine oil (TURBO NYCOIL 13B)
according to Air speciﬁcation 3514.
Ester description Pentaerythritoltetra- Turbonycoil 13B Air 3514 Sp. limits
Butyrate Heptanoate Nonanoate
Density
20.0 C 1.0535 0.9951 0.9574 0.940
37.8 C 1.0450 0.9873 0.9501 0.927
Kinematic viscosity
20.0 C 30.43 46.45 60.01 25.00
37.8 C 15.11 21.23 25.50 13.35 P11
98.9 C 3.52 4.38 5.20 3.30 P3
A.S.T.M. slope 0.747 0.700 0.672 0.720
Pour point Below 55 40 20 63 660
Flash point (open)C 214 245 261 218 P204
Fire point C 237 269 286 245
Total acidity mg KOH/gm 0.016 0.05 0.09 0.03 60.3
Viscosity index (VI) 108 131 144 124
Refractive index 1.4532 1.4549 1.4562 1.4534
Molar volume cm3
20.0 C 395.36 600.58 728.08 – –
37.8 C 398.58 606.06 733.67 – –
Figure 6 Density versus number of carbon atoms/acid molecule
at different temperatures for pentaerythritol esters.
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1]
for the CH2 group. The band [735 ± 20 cm
1] (q rocking), the
band [1357.5 ± 2.5 cm1] (twisting) and the band
[1167.5 ± 12.5 cm1] wagging represent the C–H bending
vibrations for the CH2 group.
These vibrations give an indication about the presence of
CH3 and CH2 groups in the structure of the prepared
compounds.
A sharp and very strong absorption band appears at
[1747.5 ± 2.5 cm1] in the spectra of the prepared compounds,
this band represents the stretching vibration of C‚O. for the
ester which is of higher frequency than that of the carbonyl
group of the acids which lies at [1705 ± 5 cm1] Fig. 2. This
higher frequency may usually identify the ester structure, also,
the characteristic multiple bands in the C–O stretching region
are also observed in the region [1260–1240 cm1] [21–22]
The OH group of the polyol (near 3305 cm1) disappeared
completely in the spectra of the prepared compounds, Fig. 4.
This indicates that the free OH of polyol has been reacted
and lead to ester formation.
The elementary analysis, mean average molecular weight
determination, and infra-red spectral analysis, indicate that
the prepared compounds are identical to the proposed ester
formulations.
3.2.3. Aspects on some physical properties of the prepared esters
In this study some physical properties of the prepared esters
have been considered and some correlations have been estab-
lished for the aim of characterizing the prepared esters as
follows:
3.2.3.1. Density and number of carbon atoms per acid molecule
at different temperatures. From Table 4, and Fig. 6, it is clear
that the esters derived from lower acids have higher densities
than those derived from higher ones, as represented by the
illustrated linear relation. This relation shows its validity at
the two temperatures 20 and 37.8C at which the density mea-
surements have been carried out.3.2.3.2. Molar volume and number of carbon atoms per acid
molecule at different temperatures. From Table 4, and Fig. 7, it
clear that the molar volume increases linearly with the increase
of the number of carbon atoms per acid molecule. This relation
is also valid at the two temperatures 20 and 37.8C.
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molecule and temperature. Table 4, and Figs. 8 and 9, indicate
that the kinematic viscosity increases linearly with the increase
of the number of carbon atoms per acid molecule.
The prepared esters are keeping on this linear relation with-
in the range of the testing temperatures (20–98.8C). The mea-
surement of A.S.T.M. slope for the prepared esters from the
A.S.T.M. standard viscosity–temperature chart D-341, Figs. 8
and 9, indicate that the variation of their viscosities with tem-
perature suggest their suitability as excellent lubricants which
are capable of keeping on their lubricity at higher temperature
as well as lower ones. This is achieved from the viscosity index
(VI) measurements for such esters as indicated in Table 4.
3.2.3.4. Laboratory testing for the prepared esters as base oils in
comparison with the commercial turbo-engine oil sample (turb-
onycoil 13B) according to air speciﬁcation 3514. Gas turbine
lubricants used in aircraft are designated either by their viscos-
ities at 98.9C or their military or civil speciﬁcations. The des-
ignation by the viscosity at 98.9C and the corresponding
speciﬁcation could be out lined from the following Table 5 [1].
The lubricants are also referred to as:
 Type I for subsonic and Mach I which is mainly a dibasic acid ester.
 Type II for Mach 2 and 2.5 which is mainly polyol ester type.
In this study the prepared polyol esters have been examined
in the laboratory according to some of the available tests men-Figure 7 Molar volume versus number of carbon atoms/acid
molecule, at different temperatures for pentaerythritol esters.tioned in the air speciﬁcation 3514 and compared with those of
the commercial turbo engine oil (turbonycoil 13B) with the aim
of ﬁnding their position with respect to the mentioned types
and also with the aim of ﬁnding out their suitability as base oils
in this respect. Inspection of data given in Table 4 characteriz-
ing the prepared esters in comparison with those of the com-
mercial oil samples which is mainly for turbo-engines of
speed regimes of Mach 2 and 2.5, one may conclude that the
pentaery-thritoltetrabutyrate ester could be considered as a
base oil suitable for the aim of formulation of a lubricant
which veriﬁes the demands of the air speciﬁcation 3514. The
ﬁnished lubricant, of course, could be achieved by blending
some base esters or mixed ones and doped with the necessary
additives to achieve the desired speciﬁcation.
The rest of the prepared esters may ﬁnd outlets for use as
synthetic lubricants in industry after the formulation for the
suitable ﬁeld of application, for example, as bases for synthetic
greases, heat transfer oils, refrigeration oils, hydraulic ﬂuids,
etc.3.2.4. Comparison between infra-red spectra of the prepared
esters and the spectrum of commercial turbo-engine lubricant
(turbonycoil 13B)
Comparative study of the characteristic absorption bands of
the prepared esters Fig. 4 and that for the commercial sample
Fig. 5 shows that the characteristic group frequencies are iden-
tical in both cases. This leads one to say that the commercialFigure 8 Kinematic viscosity versus number of carbon atoms/
acid molecules at different temperatures for pentaerythritol esters.
Figure 9 Kinematic viscosity versus temperature for the prepared esters.
Table 5 Aircraft oil speciﬁcations.
Minimum viscosity at 98.9 C Cst 3 5 7.5
Military MIL-L-7808 MIL-L-23699 DERD 2487
0-148 USAF 0-156 USN 0-148 UK
AIR 3514 DERD 2497 AIR 3517
0-150 F 0-160 UK 0-159 F
TU 3800 MRTU
180-72 USSR 38-1-157-65 USSR
176 I.A. El-Magly et al.synlub is formulated from base oils of the same class of esters
prepared in this work.
4. Conclusion
Pentaerythritoltetrabutyrate, heptanoate and nonanoate esters
have been prepared under speciﬁed optimum esteriﬁcation
conditions; molar ratio 1:4.9, (alcohol:acid), catalyst conc.
2% by wt. based on alc., Agitation rate 550 r.p.m, Temp.
170 ± 0.1C, and xylene as azeotropic agent using Dean Stark
apparatus. These conditions verify conversion over 97% with-
in 5–6 h, based on water separated continuously as a resultant.
The structures of the prepared esters have been outlined
using; elemental analysis, mean, average molecular weight
determination, and i.r. spectral analysis.
Other physico-chemical characteristics have been outlined
by measurements of density, viscosity VI, Pour point, Flash
point, Refractive Index, T.A.N. and ASTM slope and some
behavior of the prepared esters have been deduced consideringtheir structure, their viscosity and ASTM slope at different
temperatures.
Comparative study indicates that the prepared esters could
be considered as synthetic base oils and the butyrate ester may
be used in formulations for turbo engine according to Air spec-
iﬁcation 3514 as illustrated from the comparison with the com-
mercial TURBNYCOIL 13B used in the respect.
The other esters may be considered as base lubricants for
industry.
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